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Aqueous phase isotherms were calculated from vapor
phase desorption isotherms measured at 15, 30, and 60 °C
for trichloroethylene on a silica gel, an aquifer sediment,
a soil, a sand fraction, and a clay and silt fraction, all at 100%
relative humidity. Isosteric heats of adsorption (Qst(q))
were calculated as a function of the sorbed concentration,
q, and examined with respect to the following mecha-
nisms: adsorption on water wet mineral surfaces, sorption
in amorphous organic matter (AOM), and adsorption in
hydrophobic micropores. Silica gel, sand fraction, and clay
and silt fraction 60 °C isotherms are characterized by a
Freundlich region and a region at very low concentrations
where isotherm points deviate from log-log linear behavior.
The latter is designated the non-Freundlich region. For the
silica gel, values of Qst(q) (9.5-45 kJ/mol) in both regions
are consistent with adsorption in hydrophobic micropores.
For the natural solids, values of Qst(q) in the Freundlich
regions are less than or equal to zero and are consistent with
sorption on water wet mineral surfaces and in AOM. In
the non-Freundlich regions, diverging different temperature
isotherms with decreasing q and a Qst(q) value of 34 kJ/
mol for the clay and silt fraction suggest that adsorption is
occurring in hydrophobic micropores. The General
Adsorption Isotherm is used to capture this adsorption
heterogeneity.

Introduction
Recent efforts to enhance subsurface transformation and
transport rates for volatile organic chemicals have examined
the effects of elevated temperature (1, 2). These efforts have
been carried out with little knowledge of the mechanisms
controlling and the effects of temperature on intragranular
transport processes. Since intragranular transport processes
affect, and can control, transformation and transport rates
(3-9), elucidation of the mechanisms controlling them is
paramount to determining the efficacy of in-situ thermal
remediation technologies. As a first step toward this end, it
is necessary to understand sorption equilibria. This involves
characterizing the types and the capacity of potential sorption
sites within natural grains.

Soil and sediment grains possess both compositional and
structural variability. Compositional variables include types
and amounts of minerals and organic matter. Structural

variables include surface area and pore size. Pore sizes fall
into three classifications based on adsorbate behavior:
macropores (<500Å), mesopores (20-500Å), and micropores
(<20 Å) (10). Surface area and porosity characteristics are
determined by the aggregation of minerals and organic matter.
Overall soils and sediments are thought be hydrophilic, with
adsorptive displacement by water of organics causing greater
than 100-fold decreases in the amount of organic sorbed over
that on dry soil (7, 11). Mineral surfaces are primarily
hydrophilic (12) and are thought to make up the majority of
surface area and porosity. Soil organic matter (SOM) is
hydrophobic and is thought to be distributed within and on
mineral aggregates. SOM has been proposed to consist of
“soft” amorphous humic materials and “hard” increasingly
condensed microcrystalline materials (13, 14). Therefore,
crystalline-like micropores may be formed from both mineral
surfaces and hard SOM.

From the observed variability in natural solids, several
mechanisms are hypothesized to contribute to organic
chemical sorption from the vapor phase. These mechanisms
are adsorption at the air-water interface, partitioning to
intragranular water, absorption in amorphous organic matter
(AOM), adsorption on water wet mineral surfaces, and
adsorption in micropores. For sorption from the aqueous
phase, only the later three mechanisms must be considered.

Sorption mechanisms are characterized by different free
energies. Thus, different mechanisms can dominate sorption
at different contaminant loadings. Sorption mechanisms are
also characterized by different heats of adsorption. Conse-
quently, temperature can affect sorption at one contaminant
loading more than at another contaminant loading. It is the
intent of this paper to investigate the mechanisms controlling
sorption equilibria by comparing isosteric heats of adsorption
(Qst(q)) calculated from different temperature aqueous phase
isotherms with published heats of adsorption for similar
compounds in model solids. Temperature effects are dis-
tinguished from hysteresis effects before computing Qst(q)
values. Aqueous phase isotherms are calculated from vapor
phase desorption isotherms measured at 15, 30, and/or 60 °C
for trichloroethylene (TCE) on a silica gel and four natural
solids at 100% RH.

Theory
Local Isotherms. A single ‘local’ isotherm describes parti-
tioning when one mechanism controls sorption. The simplest
local isotherm is the linear isotherm shown in eq 1.

Use of the linear isotherm assumes that all sorption sites
have an equal affinity for the sorbate and that Kd,aq is
independent of the aqueous phase concentration. Linear
isotherms have been used to describe sorption to water wet
sediments over a limited concentration range (3) and
partitioning to soils rich in organic matter (15-17). Parti-
tioning to organic matter exceeds adsorption on water wet
mineral surfaces in organic rich soils. McCarty et al. (18)
postulated that partitioning to organic matter dominates
sorption if the fraction of organic carbon (foc) exceeds a critical
fraction defined as

Equation 2 was derived from regressions using silica gel and
organic matter and caution must be used in its application
to natural solids.
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A slightly more complex local isotherm is the Langmuir
isotherm shown in eq 3 (19).

Use of the Langmuir isotherm assumes that sorption occurs
on a finite number of identical sites. The Langmuir isotherm
has been successfully applied to organic sorption on mi-
croporous solids (20-22).

General Adsorption Isotherm. To simulate sorption on
soils and sediments, a model that accounts for several different
sorption mechanisms is required. The General Adsorption
Isotherm (GAI), shown in eq 4, is one such model (23 and
references therein).

The overall adsorption isotherm, Θ, is obtained by adding
together the contribution from each of the N sorption
mechanisms. A local isotherm, θl(εaq) ) ql/ql,s, is used to
account for each sorption mechanism, and each local
isotherm is integrated over the normalized distribution of
free energies, φ(εaq), that characterize sorption via that
particular mechanism. For sorption from the aqeuous phase
to soils and sediments, three mechanisms are believed to
contribute to uptake (N ) 3). Hence, there are three local
isotherms, each with its own φ(εaq). The advantage of using
the GAI is that it can simulate adsorption up to any level of
complexity.

The Freundlich isotherm (24), shown in eq 5, is a common
form of the GAI used to model partitioning to soils and
sediments.

In the gas phase, the Freundlich isotherm can be derived via
first principles from the GAI with eq 4 and withφ(εaq) ) Re-εaq/RT

(22). In the liquid phase, the Freundlich equation is empirical.
The Freundlich exponent 1/n is an indicator of sorption
heterogeneity. When 1/n < 1, a distribution of sites is present,
and sorbates sorb to higher energy sites in order of decreasing
aqueous phase concentration. Values of 1/n < 1 have been
observed for organic contaminant sorption onto water wet
soils and sediments (3, 5, 13, 25-27), onto water wet silica
gel (5, 14), and onto aqueous phase organic matter (14). Using
TCE and the same solids examined in this study, Farrell and
Reinhard (5) found the magnitude of 1/n could not be
correlated to surface area or mesoporosity but might be
inversely related to the amount of microporosity.

Data in this study will be analyzed with Freundlich
isotherms where applicable. A different form of the GAI will
be proposed to capture deviations from Freundlich behavior.

Hysteresis Effects. In the absence of hysteresis, the
sorbed-aqueous equilibrium value, Kaq, is a function of the
sorbed concentration, q, and the temperature, T. In the
presence of hysteresis, Kaq is also a function of the initial q,
which is a function of the initial relative vapor pressure (P/
Ps)i (5). For sorption to water wet mineral surfaces, hysteresis
has not been observed. However, equilibrium hysteresis has
been observed for sorption to sediments high in organic
matter (foc > *foc) (5, 28) and for adsorption in micropores
(29, 30).

Temperature Effects. Qst(q) controls the effects of T on
isotherms. In the absence of hysteresis, Qst(q) can be
calculated at a given q with the integrated form of the van't
Hoff equation:

Values of Qst(q) are positive for exothermic adsorption and
negative for endothermic adsorption. Three representative
cases are identified for this paper: (1) Qst(q) equals zero
[Kaq(q,T2) ) Kaq(q,T1)] and different temperature isotherms
coincide; (2) Qst(q) is positive [Kaq(q,T2) > Kaq(q,T1); T2 < T1]
over the entire q range and different temperature isotherms
are separated and parallel; (3) Qst(q) is positive at low q values
and decreases with increasing q, resulting in converging
different temperature isotherms with increasing q.

Partitioning to AOM. TCE partitioning to AOM is driven
by the hydrophobic effect (31, 32). The Qst(q) value for TCE
partitioning to AOM can be correlated to the heat of phase
transfer for TCE from water to its own pure phase. Following
the method of Ben-Naim (33), the ∆G of phase transfer for
TCE can be computed from eq 7 and varies by less than 4
kJ/mol between 15 and 60 °C.

As a result, the equilibrium distribution coefficient (K )
exp(-∆G°/RT)) changes <30% and the heat of phase transfer
is <5 kJ/mol. Noll measured a similar Qst(q) value (1.37 kJ/
mol) for aqueous phase benzene on a hydrophobic silica gel
(C18-SiO2). Thus, Qst(q) values are expected to be low in AOM.

Adsorption on Water Wet Mineral Surface. Mineral
surfaces are primarily hydrophilic (12). Water wet mineral
surfaces are relatively low energy sites characterized by small
Qst(q) values. Goss et al. (12) reported vapor phase heats of
adsorption for volatile organics onto water wet mineral
surfaces to be less than heats of condensation; Noll (34)
measured Qst(q) values <0.157 kJ/mol for aqueous benzene
on silica gel surfaces at 25 °C. Thus, for both partitioning to
AOM and sorption to water wet mineral surfaces, isotherms
are expected to coincide.

Adsorption in Micropores. Sorption behavior and tem-
perature effects in soil and sediment micropores are expected
to be similar to those in zeolite micropores. In zeolite
micropores, temperature effects are a function of micropore
hydrophobicity and pore width. Organics preferentially
adsorb in hydrophobic micropores (35, 36), and water
preferentially adsorbs in hydrophilic micropores (37). Hence,
organic contaminants are not expected to displace water from
hydrophilic micropores and only hydrophobic micropores
are considered. Kaneko et al. (38) measured Qst(q) values
near 27 kJ/mol for adsorption of nitrobenzene, benzoic acid,
and phenol from water to hydrophobic microporous activated
carbon fibers. Stach et al. (39) found that, for hydrophobic
micropores decreasing from 22 and 5 Å in width, heats of
adsorption for n-decane vapor rose exponentially from ∼55
to 120 kJ/mol. Sorption energy also increases with decreasing
micropore width (40). Hence, Qst(q) values for adsorption in
hydrophobic micropores are large, and they increase with
decreasing concentration when micropores having different
widths are present. For a heterogeneous solid with a range
of micropore characteristics (geometry and polarity), different
temperature isotherms will exhibit different slopes and will
converge toward higher concentrations.

Experimental Section
Sorbate and Sorbent Characterization. TCE was the only
sorbate used in this study. It was used as a model sorbate
because it displays characteristics typical of many hydro-
phobic volatile organic contaminants. It is also a common
soil and groundwater contaminant (41-43). Properties of
TCE used here are the saturation vapor pressure (Ps) and the
Henry’s constant (Hc). Gossett’s (44) relationship was used
to calculate Hc for TCE at 15 and 30 °C. This relationship was
verified up to 45 °C. The value of Hc at 60 °C was measured
using the modified EPICS method (44) and was 1.5(-). Values
of Ps at 15, 30, and 60 °C were calculated from the Antoine
equation (45).

ql )
bCaqql,s

1 + bCaq
(3)

Θ )
q

qs

) ∑
n)1

N

(∫0

∞
φn(εaq)θl,n(εaq) dεaq) (4)

q ) KF,aqCaq
1/n (5)

Qst(q) ) R ln (Kaq(q,T2)/Kaq(q,T1))(1/T2 - 1/T1)-1 (6)

∆G ) RT (-ln (Hc) + ln (Ps/FTCE)) (7)
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One model and four natural sorbents were used in this
study. The silica gel is the model sorbent and was chosen
because it contains no measurable organic matter and a
measurable amount of microporosity. The natural solids were
chosen because they possess a range of characteristics
allowing mechanistic comparisons between solids. Solid used
were at 100% RH because much of the vadose zone is at 100%
RH and sorption mechanisms in water saturated sediments
are similar (5, and references therein). Relevant solid
characteristics are shown in Table 1. In addition to the
previously published characteristics (5): 30 °C isotherm
values, surface area, natural organic matter content, intra-
aggregate mesopore size distribution, and mean particle size;
the water loading at 15 and 60 °C, the air-water interfacial
area to water volume ratio, and the micropore volume are
shown.

Desorption Isotherms. The methods used here to mea-
sure desorption isotherms are those used by Farrell (46), with
slight modifications. Briefly, stainless steel columns (25 cm
× 9 mm i.d.) were filled with soil and equilibrated to 100%
RH at the temperature to be examined. The columns were
then purged with water-saturated organic vapor until the
effluent flux, as measured by a flame ionization detector (FID)
mounted on an HP 5890 gas chromatograph (GC), was
constant and equal to the influent flux. At this point, the
columns were capped and allowed to equilibrate for at least
2 weeks and usually 1 month. After equilibration, the columns
were purged with water-saturated nitrogen for 2-20 min,
recapped, and allowed to re-equilibrate. The maximum
constant effluent flux during a purge represented an isotherm
point. This cycle continued until the column flux dropped
to near the detection limit of the FID. Remaining TCE was
removed by heating the columns to 180 °C while purging
them with nitrogen and trapping the effluent on a column
of Tenax (Alltech) adsorbent. The trapped organic was then
desorbed by a Tekmar dynamic headspace concentrator and
analyzed with a GC equipped with a photoionization detector
(PID). This technique allows desorption isotherms to be
measured for up to 5 orders of magnitude in vapor phase
concentration.

Aqueous phase isotherms were calculated from vapor
phase isotherms with

Use of this equation assumes that adsorption at the air-
water interface was negligible. Karger et al. (47) found 21%
of sorbed 1,2-dichloroethane was adsorbed at the water
surface-vapor interface of silica when the water surface-
vapor interface area to water volume ratio was 5 m2/g. Ratios
much less than this indicate that adsorption via this mech-
anism is not significant. Values of this ratio in Table 1 are
0.02 m2/g. However, for the Livermore clay and silt fraction,
only the upper limit of the particle diameter is known (5).
Hence, this ratio could be much higher than reported.

Precision and Accuracy. All isotherms were measured twice
to ensure data precision. Replicate columns were treated as
one data set when determining Freundlich coefficients. The
95% confidence intervals for Freundlich model fits were
calculated. To ensure data accuracy, mass balances were
performed by comparing the amount of TCE sorbed during
column breakthrough to the amount of TCE desorbed during
column elution. For the 15 °C columns, greater than 88% of
the mass was recovered on desorption. For the 60 °C columns,
recoveries ranged from 60% to 85%. Solids were autoclaved
prior to use so no biodegradation is expected. Hydrolysis
was neglected because the TCE half-life for this reaction is
on the order of thousands of years at 60 °C (48). Thus, TCE
is believed to be lost from these columns when they were
uncapped and added to or removed from the purge apparatus.

Kaq(q) ) Kv(qv)Hc - Wsp (8)
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Mass recovery was poorer at 60 °C than at lower temperatures
because TCE diffused out of the columns faster at this
temperature.

At each purge point Kv(qv) ) qv/Cvap was calculated. The
value of Cvap was measured directly, and the value of qv was
calculated from the total mass removed during the current
and all subsequent purges minus the vapor phase mass.
Adding and removing columns from the purge apparatus took
around 30 s, and mass lost errors may have affected Kv(qv)
in two ways: (a) TCE lost from the vapor phase was not added
to qv in the previous purge point and (b) TCE lost from the
vapor phase resulted in a Cvap that was not in equilibrium
with qv. Assuming that the percent of vapor phase mass lost
during each purge point was the same, the mass lost at each
purge point was calculated. Maximum possible errors in Cvap

and qv were calculated from these values, and the 95%
confidence intervals were adjusted accordingly. The intervals
plotted below are the modified 95% confidence intervals
(MCIs) and account for both the precision and the mass lost
errors. In almost all cases, MCIs are smaller or of the same
size as the data symbols.

Results
Silica Gel. Figure 1 shows the replicate column data points
and MCIs for aqueous phase TCE uptake on silica gel at 15
and 60 °C and the 30 °C isotherm calculated from the reported
Freundlich parameters in Table 1. The MCIs at 60 °C are
calculated from the log-log linear isotherm region. The MCIs
at 30 °C are not available but are assumed to be similar to
those at 15 °C. The 30 °C isotherm extends over the measured
data range. The initial relative vapor pressures, (P/Ps)i, for
the different isotherms range from 14% at 60 °C to 79% at 30
°C. One additional equilibrium point is given at 30 °C to
evaluate the effects of hysteresis. The (P/Ps)i for this point,
6.3%, is lower than (P/Ps)i for the 30 °C isotherm, 79%.

The 30 °C equilibrium point is slightly lower than the 30
°C isotherm, suggesting that hysteresis effects are small (i.e.,
on the order of MCIs). The 15 and 30 °C MCIs are coincident
and above the 60 °C MCIs. The 1/n values at 15 and 60 °C,
reported for all solids in Table 2, are not statistically different.
The 60 °C isotherm is characterized by a Freundlich region
and a region of data points that deviate from log-log linear
behavior at low concentrations. The region where the amount
adsorbed drops sharply from log-log linear behavior with
decreasing aqueous phase concentration is designated the
“non-Freundlich region”. Such non-Freundlich behavior has
been observed for benzene adsorption on charcoal (49). We
are not aware of any studies where this behavior has been
observed for organic chemical sorption on soils and sediments
at 100% RH.

In the Freundlich isotherm region, Qst(q) values can be
calculated from different temperature isotherms with eq 6.
Small hysteresis effects and overlapping MCIs make isotherms

separated by greater temperatures more amenable to Qst(q)
calculations. Values of Qst(q) calculated from 15 and 60 °C
MCIs are exothermic and are between 9.2 and 45 kJ/mol.
Since values of 1/n are not statistically different at 15 and 60
°C, Qst(q) is constant for all q values.

In the non-Freundlich isotherm region, Qst(q) values
cannot be calculated because 15 and 30 °C isotherms were
not measured at similar q values due to detection limitations.
If the 15 °C or the 30 °C isotherm continued to obey Freundlich
behavior in this region, Qst(q) values would increase dramati-
cally with decreasing sorbed phase concentration. Evidence
for such behavior will be shown for the Livermore clay and
silt fraction below.

Natural Solids. Aqueous phase isotherms for the two
natural solids relatively high in organic matter (foc > *foc) are
shown in Figure 2. The Santa Clara sediment isotherms are
shown in Figure 2a. For this solid, the 30 °C equilibrium
value with (P/Ps)i ) 1.9% is more than a factor of 2 below the
30 °C isotherm with (P/Ps)i ) 65%. Also, the 30 °C isotherm
is above the 15 °C isotherm, which is above the 60 °C isotherm,
and 1/n values increase from 15 to 30 to 60 °C. The Norwood
soil isotherms are shown in Figure 2b. For this solid, the 30
°C equilibrium value with (P/Ps)i ) 6.4% is below the 30 °C
isotherm with (P/Ps)i ) 43%. Also, the 15 and 30 °C isotherms
are coincident, and 1/n values are not statistically different.
Isotherms were not measured for the Norwood soil at 60 °C.
At 60 °C significant amounts of soil organic matter volatilized
and prevented accurate measurement of TCE.

The effect of (P/Ps)i on the 30 °C data in Figure 2 suggests
that hysteresis effects are significant (i.e., exceed MCIs) in
both cases, especially for the Santa Clara sediment. Here,
the amount sorbed at the q value corresponding to the 30 °C
equilibrium point increases with increasing (P/Ps)i but not
necessarily with temperature. Thus, (P/Ps)i affects isotherm
position more than temperature, suggesting that the Qst(q)
value at this aqueous phase concentration is near zero. Below
this sorbed phase concentration, the effects of (P/Ps)i were
not measured. If (P/Ps)i only affects the position and not the
slope of an isotherm, temperature is responsible for the
observed increase in 1/n values with increasing temperature.
As a result, Qst(q) values become greater at lower concentra-
tions.

Hysteresis effects for the Norwood soil are less than for
the Santa Clara sediment. For the Norwood soil, the 30 °C
equilibrium value lies just outside the lower MCI of the 15
°C isotherm. Hence, changes in isotherm position due to
(P/Ps)i do not significantly affect Qst(q). Values of Qst(q)
calculated from the 15 and 30 °C isotherms are not statistically
different from zero.

Aqueous phase isotherms for the Livermore sand and clay
and silt fractions are shown in Figure 3, panels a and b,
respectively. At 60 °C, Freundlich and non-Freundlich regions
are present in both solids. Freundlich regions are evaluated
first. For the sand fraction, the 60 and 30 °C MCIs overlap,
the 30 and 15 °C MCIs overlap, and the 60 °C MCIs are slightly
above the 15 °C MCIs. Hysteresis is not expected to affect
sorption because the 60 °C isotherm with (P/Ps)i ) 13% is
above the 15 °C isotherm with (P/Ps)i ) 46%. Values of 1/n
at all temperatures are not statistically different. For the clay
and silt fraction, the 30 °C equilibrium value lies on the
extension of the 30 °C isotherm, suggesting that hysteresis
effects are insignificant. The three different temperature
isotherms cross around 2 µg/mL, causing the 30 and 60 °C
isotherms to shift relative positions. Values of 1/n for the
Livermore clay and silt fraction increase from 60 to 15 to 30
°C.

Livermore sand fraction Qst(q) values can be calculated
from the different temperature isotherms. The MCIs mask
temperature effects between the 60 and 30 °C isotherms and
between the 30 and 15 °C isotherms. Values of Qst(q)

FIGURE 1. 15, 30, and 60 °C aqueous phase isotherms for TCE adsorbed
to silica gel at 100% RH. 15 and 60 °C modified 95% confidence
intervals are shown with their respective data sets (* indicates that
it is from Farrell and Reinhard (5)).
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calculated from the 60 and 15 °C MCIs are endothermic and
range from zero to -13 kJ/mol. Livermore clay and silt
fraction Qst(q) values could be calculated from the different
temperature isotherms. Because the isotherms cross and
because the vertical positions of the isotherms are not in
order of increasing or decreasing temperature, the sign of
Qst(q) would be a function of the two different temperature
isotherms chosen.

In non-Freundlich regions, Qst(q) values cannot be cal-
culated for the Livermore sand fraction. However, like the
silica gel, if the 15 or 30 °C isotherm continues to obey
Freundlich behavior at similar q values, Qst(q) values will
increase sharply below 0.1 µg/g. For the Livermore clay and
silt fraction, the 30 °C equilibrium value can be used with the
corresponding the 60 °C isotherm value to calculate the Qst-
(q) value in the non-Freundlich region. A value of 34 kJ/mol
is determined.

Discussion
Calculated Qst(q) values for silica gel are strongly exothermic
(9.2 to 45 kJ/mol) and in the range expected for adsorption in
micropores (38). Published data suggest that micropores are
hydrophobic if aqueous phase organics adsorb in them (35,
36). Silica gel surfaces are largely hydrophilic (50); but they
also exhibit some hydrophobic properties (51). Comparison
of the maximum volume of TCE adsorbed (<0.2 µL/g) from
Figure 1 to the total micropore volume (0.1088 mL/g) in Table

1 reveals that, if all uptake took place in micropores, less than
0.2% of the total micropore volume in silica gel would be
occupied by TCE. Perhaps this small fraction of micropores
is hydrophobic.

Values of Qst(q) at or near zero for the Santa Clara sediment
and Norwood soil are consistent with sorption on water wet
mineral surfaces (12, 34) or in AOM (34). Given that foc > *foc

for these solids, sorption in AOM likely controls uptake when
Qst(q) values are low. For the Santa Clara sediment, Qst(q)
values appear to increase with decreasing concentration. This
is consistent with a greater fraction of overall sorption
occurring in micropores with decreasing concentration (39)
and with the assumption that uptake in micropores is
energetically favored over sorption in AOM.

As with the Santa Clara sediment and Norwood soil, values
of Qst(q) in the Freundlich region for the Livermore sand
fraction are consistent with sorption on water wet mineral
surfaces or in AOM. Hysteresis effects are observed for the
Santa Clara sediment and Norwood soil but not for the
Livermore sand fraction where foc ∼ *foc. This suggests that
(i) hysteresis is associated with AOM in these two cases and
(ii) low Qst(q) values for the Livermore sand fraction are due
to sorption on water wet mineral surfaces. Furthermore,
hysteresis effects are more pronounced for the Santa Clara
sediment than for the Norwood soil, but the later has a higher
foc. Thus, hysteresis effects may be a function of both AOM
content and type.

TABLE 2. Vapor Phase and Aqueous Phase Freundlich Isotherm Parameters at 15 and 60 °Ca

temp, T (°C) 1/nv
b (-) KF,v

c [(µg/g)/(µg/ml)l/n] l/nb (-) KF,aq
c [(µg/g)/(µg/ml)1/n]

silica gel 15 0.67 ( 0.05 41 0.59 ( 0.04 15
60 0.87 ( 0.13 3.03 0.66 ( 0.07 5.6

Santa Clara sediment 15 0.33 ( 0.02 14 0.27 ( 0.02 10
60 0.48 ( 0.04 3.0 0.45 ( 0.04 3.7

Norwood soil 15 0.73 ( 0.05 9.38 0.70 ( 0.06 3.1
Livermore sand fraction 15 0.78 ( 0.07 0.77 0.65 ( 0.09 0.20

60 0.65 ( 0.10 0.49 0.60 ( 0.10 0.57
Livermore clay and silt fraction 15 0.80 ( 0.10 1.4 0.71 ( 0.13 0.33

60 0.55 ( 0.08 0.87 0.32 ( 0.08 0.79
a The 60 °C parameters are calculated from log-log linear isotherm regions. b Mean ( 95% confidence intervals are shown. c Confidence intervals

on KF are a function of the units used. Therefore, only mean values are shown.

FIGURE 2. 15, 30, and/or 60 °C aqueous phase isotherms for TCE
adsorbed to (a) Santa Clara sediment and (b) Norwood soil; all at
100% RH. 15 and 60 °C modified 95% confidence intervals are shown
with their respective data sets (* indicates that it is from Farrell and
Reinhard (5)).

FIGURE 3. 15, 30, and 60 °C aqueous phase isotherms for TCE adsorbed
to (a) the Livermore sand fraction and (b) the Livermore clay and silt
fraction; all at 100% RH. 15 and 60 °C modified 95% confidence
intervals are shown with their respective data sets (* indicates that
it is from Farrell and Reinhard(5)).
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Values of Qst(q) in the Freundlich region for the Livermore
clay and silt fraction are endothermic or exothermic depend-
ing on the pair of isotherms chosen. This behavior is not
consistent with any of the mechanisms considered in this
paper. Two possible explanations appear possible: (1)
adsorption at the air-water interface is significant and
temperature dependent and (2) adsorption on water wet clay
mineral surfaces results in the observed behavior. Sorption
mechanisms cannot be further inferred because of the
inability to negate the first possibility.

Non-Freundlich behavior is observed for the silica gel and
the Livermore solids. In all cases the 60 °C isotherm diverges
from the 15 and 30 °C isotherms, suggesting that Qst(q) values
increase sharply in this region. For the Livermore clay and
silt fraction, a value of 34 kJ/mol is determined in the non-
Freundlich region. This value is consistent with adsorption
in hydrophobic micropores (38), the expected mechanism of
uptake in the non-Freundlich regions.

Comparison of 15 °C Aqueous Phase Isotherms. The 15
°C Freundlich isotherms for the silica gel and four natural
solids are compared in Figure 4. The silica gel isotherm is
above all other isotherms. At high concentrations, the
Norwood soil isotherm is above all others but the silica gel.
As concentrations drop, the Norwood soil isotherm crosses
the Santa Clara isotherm. The Livermore sand fraction and
the Livermore clay and silt fraction isotherms are below all
other isotherms. The observed isotherm positions mean that
above 20 µg/mL Kaq(q,silica) > Kaq(q,Norwood) > Kaq(q,Santa
Clara) > Kaq(q,Livermore solids) and below 20 µg/mL the
ordering of Kaq(q,Norwood) and Kaq(q,Santa Clara) reverses.

Sorption in micropores is hypothesized to control uptake
on the silica gel. The relative value of Kaq(q,silica) is consistent
with adsorption in the highest energy sites. The foc value for
the Norwood soil is∼10 times greater than for the other solids.
At high concentrations, uptake on the natural solids is
controlled by sorption in AOM and on water wet mineral
surfaces, where the former is favored (16). Hence, the relative
value of Kaq(q,Norwood) above 20 µg/mL is consistent with
sorption in AOM. In the Santa Clara sediment, a greater
fraction of overall sorption occurs in micropores with
decreasing concentration. This is reflected by the change in
ordering of Kaq(q) values for the Santa Clara sediment and
Norwood soil.

Modeling Non-Freundlich Adsorption. The Freundlich
model is not capable of simulating log-log nonlinear behavior
observed for some isotherms. To capture this sorption
heterogeneity, a different form of the GAI (eq 4) is needed.
For the silica gel, one θl(εaq) can be used to describe adsorption
in micropores (N ) 1). Ideally, φ(εaq) could be calculated
from an independent measurement of the micropore width
distribution and a micropore width to εaq relationship (52,
53). The function θl(εaq) could then be verified by the fit of
the data. However, the micropore width distribution cannot
be obtained, and φ(εaq) must be obtained by fitting the
isotherm data.

The Langmuir equation is chosen to represent θl(εaq). A
skewed log Gaussian function is used to represent φ(εaq) in
eq 9.

Polanyi’s relationship, eq 10, is used to relate the relative
aqueous phase concentration, (Caq,s/Caq), to εaq (20).

This relationship is widely used to predict the effects of T and
Caq,s/Caq on adsorption in micropores (54, 55). Upon inte-
gration of the GAI, the fit shown in Figure 5 is obtained. To
arrive at this fit the width factor, σ, the skew factor, A, and
the peak free energy of adsorption, εaq,m, were optimized by
minimizing the relative least squares of the model and
experimental values (56).

In contrast to the silica gel, greater than one local isotherm
is required to model sorption to soils and sediments. Fitting
the GAI to isotherm data from these solids requires manipu-
lating at least four adjustable parameters; no further effort is
directed toward this end.

To predict isotherms, micropore size and hydrophobicity
must be measured. Gas adsorption is currently used to
measure micropore size. In the Santa Clara sediment,
approximately 100 mg of TCE is adsorbed per gram of solid
at the highest concentration measured. This amount is only
66% of the gas adsorption detection limit. The amounts of
TCE sorbed in Livermore solid non-Freundlich regions are
even smaller. Hence, gas adsorption techniques are not
capable of measuring microporosity in natural solids.

No standard techniques are available to determine mi-
cropore hydrophobicity in natural solids. Previous authors
have postulated that micropores are formed from mineral
surfaces and hard organic matter (13, 14). Values of Qst(q)
for the silica gel isotherms support the hypothesis that
micropores are associated with mineral surfaces. Additional
work is needed to determine if adsorption to hard organic
carbon is characterized by large Qst(q) values. In the paper
that follows (57), the effects of temperature on desorption
kinetics are evaluated in light of the results presented in this
paper.
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φ(εaq) ) exp[-ln (2)(ln (1 + 2A(εaq - εaq,m)/σ)/A)2] (9)

εaq ) RT ln (Caq,s/Caq) (10)
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Notation
A skew factor (-)

b Langmuir intensity coefficient (L3/Ma)

Caq aqueous phase concentration (Ma/L3)

Caq,s aqueous phase concentration at the saturation limit
of TCE (Ma/L3)

foc fraction of organic carbon (Moc/Ms)

*foc critical fraction of organic carbon (Moc/Ms)

∆G° change in standard Gibbs free energy [MaL2/(t2 mol)]

Hc Henry’s constant (Cv/Caq)

K general equilibrium distribution coefficient (-)

Kaq(q) sorbed-aqueous equilibrium value at sorbed con-
centration q [(Ma/Ms)/(Ma/L3)]

Kd,aq sorbed-aqueous linear distribution coefficient [(Ma/
Ms)/(Ma/L3)]

Kv(qs) sorbed-vapor equilibrium value at sorbed concen-
tration qs [(Ma/Ms)/(Ma/L3)]

KF,aq sorbed-aqueous Freundlich distribution coefficient
[(Ma/Ms)/(Ma/L3)1/n]

KF,v sorbed-vapor Freundlich distribution coefficient
[(Ma/Ms)/(Ma/L3)1/n]

Kow octanol-water equilibrium distribution coefficient
(-)

L length

Ma mass of adsorbate

Moc mass of organic carbon

Ms mass of dry solids

N number of local isotherms (or mechanisms control-
ling sorption)

1/n Freundlich exponent for aqeuous phase isotherm
(-)

1/nv Freundlich exponent for vapor phase isotherm (-)

P vapor pressure (Ma/L3)

Ps saturation vapor pressure (Ma/L3)

Qst isosteric heat of adsorption [MaL2/(t2 mol)]

q concentration sorbed from the water to the soil or
sediment grain (Ma/Ms)

ql concentration sorbed from the water to the solid
surface for a local isotherm (Ma/Ms)

ql,s final sorbed or adsorbed concentration for a local
isotherm (Ma/Ms)

qs final sorbed or adsorbed concentration (Ma/Ms)

qv concentration sorbed from the vapor phase to the
soil or sediment grain (Ma/Ms)

R ideal gas constant [ML2/(Tt2 mol)]

S surface area of solid (L2/Ms)

T temperature (K)

t time

Wsp specific water content of a solid (L3/Ms)

R constant (-)

εaq aqueous phase free energy of adsorption [MaL2/(t2

mol)]

εaq,m peak aqueous phase free energy of adsorption [MaL2/
(t2 mol)]

φ(εaq) adsorption free energy distribution function (-)

Θ normalized overall isotherm (-)

θl(εaq) normalized local isotherm (q/q0)

FTCE liquid density of TCE (Ma/L3)

σ Gaussian width factor [MaL2/(t2 mol)]
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